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Abstract
We analyze parity-violating nucleon-nucleon scattering at energies E < m2pi/M using the effective
field theory appropriate for this regime. The minimal Lagrangian for short-range parity-violating
NN interactions is written in an operator basis that encodes the five partial-wave transitions that
dominate at these energies. We calculate the leading-order relationships between parity-violating
NN asymmetries and the coefficients in the Lagrangian and also discuss the size of sub-leading
corrections. We conclude with a discussion of further observables needed to completely determine
the leading-order Lagrangian.
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I. INTRODUCTION
The existence of parity violation in nuclear forces is a manifestation of the presence of
weak interactions between the quarks in the nucleon. In this paper we discuss the most
basic observables that display this phenomenon: NN scattering asymmetries that would
be zero were parity conserved in the NN interaction. We do this using an effective field
theory (EFT) that is based on the existence of large ( 1/mpi) scattering lengths in the NN
system [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. The scattering experiments we will study allow us to use
an EFT that contains only nucleon degrees of freedom, and treats all interactions between
those degrees of freedom as being short-ranged. We choose to consider only the scattering
length anomalously large; higher order corrections are obtained as a systematic expansion
in powers of r/a, where a is the two-body scattering length and r the effective range in the
corresponding partial wave.
We find it convenient to examine such corrections to parity-violating NN observables us-
ing a dynamical dibaryon field [11, 12, 13]. This treatment captures the dominant dynamics
in the situation where both the scattering length and effective range are unnaturally large.
It corresponds to resumming an infinite subset of terms that are higher order in the power
counting we use, where r ∼ 1/mpi  a ∼ 1/p. Therefore, expanding the results obtained
from the dibaryon formalism in powers of r/a reproduces the case of interest to us here, and
so we employ dibaryon fields as a calculational tool.
There are a number of theoretical treatments based on hadronic degrees of freedom that
have been used to study parity violation (PV). Pioneering theoretical studies on PV in
nuclear forces were carried out by Danilov [14] and Desplanques and Missimer [15]. For
most of the last thirty years, the framework of single-meson exchange, most commonly
using the taxonomy developed by Desplanques, Donoghue, and Holstein (DDH) [16], has
been the one used to interpret and motivate experiments [17, 18, 19]. But the lack of a
concordance region in the space of DDH PV parameters (see, e.g., the plot in Ref. [18]) may
be related to the model assumptions—such as the mediation of the PV NN interaction by
vector mesons—in that approach. The consequent desire by the community to “...recast the
DDH language....in terms of...effective short-range parity-violating N-N interactions” [20]
has motivated EFT treatments of the PV NN force.
Recently the version of chiral perturbation theory appropriate for few-nucleon systems [1,
21, 22, 23, 24, 25] (χET hereafter) has been used to derive the long-range (r ∼ 1/mpi) part of
the PV NN force, and to classify the short-distance operators that appear in that force [26].
(See also the original χPT analysis of PV pion-nucleon operators in Ref. [27]). This has
the advantage that—up to a given order in χET—one can guarantee that a complete set
of parity-violating operators has been considered. The potential of Ref. [26] is formulated
in terms of the appropriate degrees of freedom for momenta of order mpi: nucleons and
pions.1 The use of heavier mesons to encode NN interactions of different t-channel quantum
numbers is not necessary at energies below ∼ 200 MeV. By fitting the constants that encode
the short-distance NN interaction to data, the χET treatment of PV in NN scattering
avoids any assumption about what dynamics is at work for r  1/mpi. The consequences of
χET for PV NN scattering, as well as other PV few-nucleon-system observables, have been
computed in Refs. [30, 31, 32]. However, the PV operators and strong-nuclear-force wave
functions employed in these works were not consistent, since phenomenological models were
1 For extensions to include the ∆ isobar see Refs. [28, 29].
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used for the latter, but a χET for the former. Refs. [30, 32] also include what are referred to
as “pionless-theory” results, and there the mismatch between operators and wave functions is
a serious problem. The use of AV18 wave functions for one, and a pionless EFT for the other,
involves a mismatch of roughly an order of magnitude in the resolution (∼ renormalization)
scales of these two different calculational ingredients.
The pionless theory, EFT(6pi), is relevant to studies of parity violation because many
of the existing and planned experiments [33, 34, 35, 36, 37, 38, 39, 40] take place at
energies at or below 10’s of MeV. In this region the pion-exchange nature of the nuclear
force is not resolved. For energies E < m2pi/M the EFT in which interactions are encoded
as NN contact operators contains all the relevant degrees of freedom. The convergence
of this EFT for two-nucleon-system observables is well demonstrated [9, 10, 41, 42] in the
low-energy regime. In contrast, there have been significant questions raised recently about
the appropriate power counting for short-distance operators in the NN system in the χET
where pions are explicit degrees of freedom [5, 43, 44, 45, 46, 47], as well as about whether
the Delta(1232) needs to be included as an explicit degree of freedom in order to guarantee
reasonable convergence [21, 48, 49].
In EFT( 6pi), parity violation in NN scattering is described by contact operators that
have a lowest possible dimension of seven. As Girlanda has recently shown [50] there are
five such independent operators.2 These five leading-order EFT contact operators contain
the same physics as the five Danilov amplitudes [14] that encode the mixing between S
and P-waves that becomes possible in the presence of parity violation. In Section II we
rewrite the Lagrangian of Ref. [50] in terms of five operators that each mediate a specific S-P
transition. This makes the computation of longitudinal asymmetries in NN scattering (given
in Sec. III) straightforward. We present analytic results for the longitudinal asymmetries
in nn, pp, and np scattering. We use a dynamical dibaryon field to obtain a portion of the
higher-order corrections in r/a and rp in the EFT( 6pi) expansion for the strong rescattering.
Subsection III B computes the Coulomb effects that are present in pp scattering at low
energy and so modify the expression in the pp case. We extract the scale dependence of the
result obtained when assuming that the r dependence is higher order, and then discuss the
r dependent corrections. In Sec. IV we compare our results with the two existing pieces of
experimental data [33, 34] that are within the range of validity of this EFT. We close in
Sec. V with a summary and a discussion of further NN system experiments that could pin
down the LO PV EFT( 6pi) Lagrangian. Details of the conversion of one set of operators to
another are given in an Appendix.
II. LAGRANGIANS
At low enough energies, the details of the gauge boson (g, W±, Z) exchange between
interacting quarks in the two-nucleon system are not experimentally accessible. Instead,
the system can be described by using nucleon interpolating fields and treating both strong
and weak interactions as contact interactions. To a given order there are a finite number of
independent operators that describe these interactions.
2 While Ref. [26] lists ten operators, it is pointed out that only five different combinations are relevant at
low energies.
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The Lagrangian for the parity-conserving two-nucleon sector may be written as [1]
L = N †(i∂0 +
~∇2
2M
)N − 1
2
CS(N
†N)2 − 1
2
CT (N
†~σN)2 + . . . , (1)
where the ellipsis stands for terms that contain more derivatives, and the nucleon field N
carries both isospin and spin indices. The σi are the SU(2) Pauli matrices in spin space
and the τa will be the SU(2) Pauli matrices in isospin space. In Eq. (1) the NN effective
ranges are assumed to be “natural” compared to the expected scale of 1/mpi while the NN
scattering lengths are large in the same units. This facilitates an expansion of the NN
amplitude in powers of the small parameter Q, where Q ∼ 1/a ∼ p (with p the NN relative
momentum) [2, 3, 6].
The same physics can be expressed using an operator basis that makes the incoming and
outgoing partial waves explicit [51, 52],
L =N †(i∂0 +
~∇2
2M
)N − 1
8
C(1S0)0 (NT τ2τaσ2N)†(NT τ2τaσ2N)
− 1
8
C(3S1)0 (NT τ2σ2σiN)†(NT τ2σ2σiN) + . . . , (2)
where now C(1S0)0 = CS−3CT and C(
3S1)
0 = CS+CT . The operator between nucleons is simply
the projector onto the relevant partial wave, with the normalized projectors being [51, 52]
Pa(
1S0) =
1√
8
τ2τaσ2 ; Pi(
3S1) =
1√
8
τ2σ2σi .
A convenient form of this Lagrangian is provided by use of dibaryon fields [11, 12, 13].
This form is equivalent to Eqs. (2) and (1) at leading order, but resums all the higher-order
corrections in NN scattering that are proportional to the effective range. It would therefore
give the exact NN amplitude in both the 1S0 and
3S1 channel were the shape parameter
and all higher-order terms in the effective-range expansion zero. Dibaryon fields, sa and ti,
respectively, for the 1S0 and
3S1 states, are included in the Lagrangian [13, 53]:
L = N †
(
i∂0 +
~∇2
2M
)
N − t†i
(
i∂0 +
~∇2
4M
−∆(3S1)
)
ti − g(3S1)
[
t†iN
TPi(
3S1)N + h.c.
]
−s†a
(
i∂0 +
~∇2
4M
−∆(1S0)
)
sa − g(1S0)
[
s†aN
TPa(
1S0)N + h.c.
]
, (3)
with a an isospin and i a spin index. If PDS (power divergence subtraction) [3, 4] is used
to compute loops then for both channels we have (in an obvious notation with channel
subscripts suppressed):
g2 =
8pi
M2r
; ∆ =
2
Mr
(
1
a
− µ
)
. (4)
The leading-order PV two-nucleon Lagrangian can also be expressed in a variety of bases.
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Paralleling the one used in Eq. (1), Ref. [50] writes:
LGirPV =
{
G1(N †~σN ·N †i
↔
∇ N −N †NN †i
↔
∇· ~σN)
− G˜1ijkN †σiN∇j(N †σkN)
− G2ijk
[
N †τ3σiN∇j(N †σkN) +N †σiN∇j(N †τ3σkN)
]
− G˜5IabijkN †τaσiN∇j(N †τbσkN)
+ G6ab3~∇(N †τaN) ·N †τb~σN
}
, (5)
where a
↔
∇b = a~∇b− a
←
∇b and
I =
1 0 00 1 0
0 0 −2
 .
Note that we have renamed the coefficients as compared to Ref. [50], in order to avoid
confusion with the parity-conserving Lagrangian. In doing so we absorbed into the Gs the
overall normalization factor of 1/Λ3χ that multiplies the Ci’s and C˜i ’s in Ref. [50]. In
EFT(6pi) the coefficients are typically dependent on the renormalization point, µ, used in the
evaluation of loop diagrams. Using the partial-wave basis, as in Eq. (2), we have:
LPWPV =−
[
C(3S1−1P1) (NTσ2 ~στ2N)† · (NTσ2i ↔∇ τ2N) +
C(1S0−3P0)(∆I=0)
(
NTσ2τ2~τN
)† (
NTσ2 ~σ · i
↔
∇ τ2~τN
)
+
C(1S0−3P0)(∆I=1) 3ab
(
NTσ2τ2τ
aN
)† (
NTσ2 ~σ·
↔
∇ τ2τ bN
)
+
C(1S0−3P0)(∆I=2) Iab
(
NTσ2τ2τ
aN
)† (
NTσ2 ~σ · i
↔
∇ τ2τ bN
)
+
C(3S1−3P1) ijk (NTσ2σiτ2N)†(NTσ2σkτ2τ3 ↔∇j N)]+ h.c.. (6)
The two Lagrangians in Eq. (5) and (6) give the same results for physical observables if
the low-energy constants obey the relationships (see Appendix):
C(3S1−1P1) = 1
4
(G1 − G˜1) ,
C(1S0−3P0)(∆I=0) =
1
4
(G1 + G˜1) ,
C(1S0−3P0)(∆I=1) =
1
2
G2 ,
C(1S0−3P0)(∆I=2) = −
1
2
G˜5 ,
C(3S1−3P1) = 1
4
G6 . (7)
Note that there are five independent coefficients at this order—as explained in Refs. [26, 50,
54]. They dictate the only possible nucleon-nucleon scattering observables at low enough
(i.e., non-dynamical pion) energies. From the partial-wave point of view, only the coefficients
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C(3S1−1P1), C(1S0−3P0)(∆I=0) , C(
1S0−3P0)
(∆I=2) , and C(
3S1−3P1) are involved in parity-violating neutron-proton
observables; while C(1S0−3P0)(∆I=0) , C(
1S0−3P0)
(∆I=1) , and C(
1S0−3P0)
(∆I=2) are involved in parity-violating neutron-
neutron (or proton-proton) observables.
In the DDH approach, all but the 3S1 −3P1 operator are considered only in terms of
vector-meson exchange. At low energies, the vector mesons are not dynamical, so the DDH
description can be considered a way to “encode” the processes so that calculations and exper-
iments can be compared, so long as the vector-meson interpretation is not taken literally. In
particular, at very low energies only five independent parameters are relevant for the physics
of parity violating NN scattering—they are sufficient to encode all leading-order phenom-
ena. The EFT parameterization presented here provides a model-independent language in
which to compare experiments.
III. RESULTS
A. Calculation of longitudinal analyzing power
Parity violation in the NN interaction leads to mixing between odd and even partial
waves. To obtain the leading effects of this mixing in EFT(6pi) it is sufficient to calculate the
amplitude that mediates S-wave to P -wave transitions. The mixing of higher partial waves
is suppressed by additional powers of the small parameter Q.
The leading diagrams contributing to this parity-violating NN scattering amplitude are
shown in Fig. 1. Note that only the S-wave side receives an enhancement from the strong
S-wave bubble sum. Diagrams with strong rescattering on the P -wave side are higher order.
We evaluate the diagrams shown in Fig. 1 using the PDS [3, 4] renormalization scheme to
calculate the loops. Keeping in mind the issue of higher-order corrections (see Subsec. III C),
we employ the dibaryon Lagrangian (3) to compute the strong rescattering. Our result for
the scattering amplitude is:
T PVnn/pp = ±4 p Ann/pp
(
1
a1S0
− 1
2
r
1S0p2 − µ
) (
1
a1S0
− 1
2
r
1S0p2 + ip
)−1
, (8)
P S + P S
FIG. 1: Diagrams contributing to parity-violating NN scattering. The shaded blob is the leading
order parity-conserving amplitude, while the square denotes the vertex from the parity-violating
Lagrangian. The nucleons are in a P-wave on the left of the parity-violating vertex, and in an
S-wave on the right.
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and
T PVnp = ±4 p
[
A1S0np
(
1
a1S0
− 1
2
r
1S0p2 − µ
) (
1
a1S0
− 1
2
r
1S0p2 + ip
)−1
+A3S1np
(
1
a3S1
− 1
2
r
3S1p2 − µ
) (
1
a3S1
− 1
2
r
3S1p2 + ip
)−1]
, (9)
where −iT is the sum of diagrams in Fig. 1, p = |~p| (see Fig. 2) and the upper (lower) sign
is for a beam of positive (negative) helicity. The (strong) parameters a
2S+1LJ and r
2S+1LJ
are, respectively, the scattering length and effective range of a particular partial wave. The
weak NN interaction parameters are collected in amplitudes A, which are given by:
Ann = G1 + G˜1 − 2(G2 + G˜5) (10)
= 4
(
C(1S0−3P0)(∆I=0) − C(
1S0−3P0)
(∆I=1) + C(
1S0−3P0)
(∆I=2)
)
, (11)
App = G1 + G˜1 + 2(G2 − G˜5) (12)
= 4
(
C(1S0−3P0)(∆I=0) + C(
1S0−3P0)
(∆I=1) + C(
1S0−3P0)
(∆I=2)
)
, (13)
A1S0np = G1 + G˜1 + 4G5 (14)
= 4
(
C(1S0−3P0)(∆I=0) − 2C(
1S0−3P0)
(∆I=2)
)
, (15)
A3S1np = G1 − G˜1 − 2G6 (16)
= 4
(
C(3S1−1P1) − 2C(3S1−3P1)
)
, (17)
in the notation of the Lagrangians (5) and (6), respectively. While the T PVNN expressions
appear to have an explicit subtraction point (µ) dependence, as physical observables each
must be µ independent. This dictates the scaling of the ANN with respect to µ.
The leading-order [O(Q0)] amplitudes are obtained by setting the effective ranges r
1S0
and r
3S1 equal to zero in Eqs. (8) and (9). This yields, for example,
T PVnn (r
1S0 = 0) = ±4p Ann
C(1S0)0
4pi
M
1
1
a
1S0
+ ip
, (18)
a result that already appeared in Section 4 of Ref. [26], but here we have also provided the
relationship of the parity-violating amplitude Ann to the coefficients in the Lagrangian(s)
(Eqs. (10) and (11)). The ratio of Ann to C(
1S0)
0 must be independent of µ. Since, in PDS,
C(1S0)0 =
4pi
M
1
1
a
1S0
− µ, (19)
we have
1
Ann
∂Ann
∂µ
=
1
1
a
1S0
− µ. (20)
In NN scattering at these energies the weak interaction is about 10−7 times the strong
interaction. Therefore feasible experiments involve observables that vanish under strong
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interactions. Relevant NN measurements have focused on longitudinal asymmetries in ~N +
N scattering. Here, the interference terms between the strong and weak operators change
sign when the longitudinal polarization of the incoming nucleon changes sign. The strong-
interaction scattering is unaffected by a change in polarization, so an asymmetry is formed
when the differential cross sections of the two different polarization states are subtracted.
From the scattering amplitude calculated above we can determine the longitudinal asym-
metry:
AL =
σ+ − σ−
σ+ + σ−
, (21)
where σ± is the total scattering cross section of a nucleon with helicity ± on an unpolarized
nucleon target—unless integration over a restricted angular range (e.g. in pp scattering) is
indicated. Neglecting, for the moment, the Coulomb interaction in the pp case we find
AnnL =
2M
pi
pAnn
(
1
a1S0
− 1
2
r
1S0p2 − µ
)
, (22)
AppL =
2M
pi
pApp
(
1
a1S0
− 1
2
r
1S0p2 − µ
)
, (23)
and
AnpL =
2M
pi
p
{
dσ
1S0
dΩ
dσ
1S0
dΩ
+ 3dσ
3S1
dΩ
A1S0np
(
1
a1S0
− 1
2
r
1S0p2 − µ
)
+
dσ
3S1
dΩ
dσ
1S0
dΩ
+ 3dσ
3S1
dΩ
A3S1np
(
1
a3S1
− 1
2
r
3S1p2 − µ
)}
. (24)
The differential cross sections dσ
1S0
dΩ
and dσ
3S1
dΩ
only contain contributions from the parity-
conserving Lagrangian (see Eqs. (1) and (2)):
dσ
dΩ
=
[(
1
a
− 1
2
rp2
)2
+ p2
]−1
. (25)
We have again suppressed the channels’ superscripts.
Upon setting r
1S0 = 0 and using Eq. (19), Eqs. (22) and (23) recapture the form derived
in Refs. [26, 54]:
A
pp/nn
L = 8p
App/nn
C1S00
. (26)
This, and the more complex formula for AnpL :
AnpL = 8p
(
dσ
1S0
dΩ
dσ
1S0
dΩ
+ 3dσ
3S1
dΩ
A1S0np
C1S00
+
dσ
3S1
dΩ
dσ
1S0
dΩ
+ 3dσ
3S1
dΩ
A3S1np
C3S10
)
, (27)
are the LO predictions of EFT(6pi) for these asymmetries. The only unknown quantities
in these predictions are the coefficients of the parity-violating Lagrangian. Eqs. (22)–(24)
relate these coefficients (Eqs. (10)–(17)) to observable asymmetries. From these expressions
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we see that a measurement of all three analyzing powers as a function of energy could pin
down four different combinations of coefficients, since the two pre-factors in Eq. (24) have
distinct energy dependence—even if r
1S0 = r
3S1 = 0. However, the nn experiment is not
feasible in the foreseeable future, and so alternative strategies to access the combination Ann
are probably necessary.
B. Coulomb corrections for pp
The result in Eq. (26) ignores the Coulomb interaction. Coulomb photons can be included
in EFT( 6pi), and the computation of Coulomb scattering was carried out to leading order for
S-wave NN scattering in Ref. [55, 56].
In the parity-violating case the computation proceeds as in Fig. 1, except now Coulomb
photons must be added to the initial, final, and all intermediate states. Since the initial-
state and final-state Coulomb scattering factorizes this yields the final result, quoted in
Ref. [26, 54]:
T PVNC (r
1S0 = 0) = ±4pAppC1S00
C2η exp(i(σ0(η) + σ1(η)))
1
1
C
1S0
0
− J0(p) , (28)
where the purely Coulombic part of the scattering amplitude has been separated off the
total amplitude [57],
T = TNC + TCoul. (29)
C2η is the Sommerfeld factor:
C2η =
2piη
e2piη − 1 , (30)
with the Coulomb parameter η ≡ Mα
2p
, and σl(η) = argΓ(l + 1 + iη), where Γ is the Euler
gamma function. J0(p) is the Coulomb-modified bubble:
Jfinite0 (p) = −
αM2
4pi
[
H(η)− ln
(
µ
√
pi
αM
)
− 1 + 3
2
CE
]
− µM
4pi
(31)
once divergences in D = 4 and D = 3 have been subtracted,
H(η) = ψ(iη) +
1
2iη
− log(iη), (32)
with ψ the derivative of the Euler Gamma function, and CE = 0.5772(...) is Euler’s constant.
(See also Refs. [58, 59].)
Experimental asymmetries are typically measured over a finite angular range. This is a
particularly important detail in pp scattering, due to the infinite Coulomb cross section in
the forward direction. Implementing the integrals over a finite range θ1 ≤ θ ≤ θ2 we have:
AppL =
∫ θ2
θ1
dθ sin θ 2 Re[(T PVNC )(TNC + TCoul)
†]∫ θ2
θ1
dθ sin θ |TNC + TCoul|2
≈ 2 Re
[
T PVNC
TNC
(
1− 1
cos θ1 − cos θ2
∫ θ2
θ1
dθ sin θ
TCoul
TNC
)]
, (33)
9
where we have used the fact that TNC,PV and TNC are angle independent at this order, and
have neglected |TCoul|2. Ref. [55] finds that
TNC =
C2η e
2iσ0(η)
1
C1S00
− J0(p) ,
yielding
AppL ≈ 8p
App
C1S00
Re
[
ei[σ1(η)−σ0(η)]
(
1− 1
cos θ1 − cos θ2
∫ θ2
θ1
dθ sin θ
TCoul
TNC
)]
. (34)
The factor in square brackets contains the Coulomb corrections to the result of the previous
section. It is a function of η, the scattering length a, and the angular range being examined.
For the experiments of interest here we have η  1. For small η,
TCoul =
2piα
p2
1
1− cos θ +O(α
2), (35)
and
TNC =
4pi
M
1
1
aS(µ)
+ ip
+O(η), (36)
with the strong pp scattering length, aS(µ), defined by:
4pi
MC1S00 (µ)
=
1
aS(µ)
− µ. (37)
A reliable extraction of aS(µ) from pp data appears to require a computation to several
orders in EFT(6pi) [60]. Instead, for comparison to experiments in Sec. IV, we use isospin
symmetry, and take for aS(µ) the ‘recommended’ central value of the nn scattering length,
ann = −18.59 fm [61]. We obtain
AppL ≈ 8p
App
C1S00
Re
[
ei[σ1(η)−σ0(η)]
{
1 + η
(
1
aS(µ)p
+ i
)
1
cos θ1 − cos θ2 ln
(
1− cos θ1
1− cos θ2
)}]
(38)
= 8p
App
C1S00
[
1 + η
(
1
aS(µ)p
)
1
cos θ1 − cos θ2 ln
(
1− cos θ1
1− cos θ2
)
+O(η)2
]
, (39)
so long as forward angles are avoided.
Even for pp experiments at Tlab = 0.5 MeV, we have η ≈ 0.22, so η should be a good
expansion parameter. Since parity-violating asymmetries grow as
√
Tlab the extant measure-
ments of AL were conducted at energies significantly higher than this, so in practice ignoring
Coulomb (as was done in the pioneering study of Ref. [15]), or expanding in powers of η, is
a good approximation.
This suggests using a different expansion where effects proportional to Mα/p are treated
perturbatively. However, numerically Mα ∼ 1/a in the 1S0 channel. If Mα/p is treated as
a small parameter, then 1/(ap) should really also be treated as a perturbation. This results
in a theory set up as an expansion around the unitary (|a| → ∞) limit [62]. Attempts to
treat Coulomb interactions in perturbation theory and retain the 1/(ap) corrections in the
unitary limit to all orders requires care since the divergences that are present in the Coulomb
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bubble must still be absorbed [55, 63]. While the Coulomb contributions to the final result,
Eq.(39), are small for all existing and proposed experiments, here we have retained them
to all orders in the intermediate steps of the calculation of the pp scattering amplitude,
and only performed the expansion in powers of η when that amplitude is inserted in the
expression for the asymmetry.
C. Corrections proportional to the effective range
Here we discuss corrections to the leading-order result of Eq. (26). Since we only examine
the form of the NLO correction, and do not compare to experimental data, we consider nn
scattering. The arguments are similar for pp scattering and np scattering. Only operators
with the same space-spin structure as the leading-order ones of Eq. (6) are necessary for this
analysis. Other space-spin structures, e.g, mixing between P - and D-waves, have the same
number of derivatives as the operators we will consider in this section, but the resulting
amplitudes are not enhanced by the strong S-wave rescattering. (E.g, effects of P -D mixing
do not enter until O(Q3): three orders beyond leading.)
The result in Eq. (22) is actually somewhat deceptive. The use of the dibaryon formalism
in the strong Lagrangian seems to imply that the physics of the effective range has been
included to all orders in Eq. (22). This is not the case because the dibaryon formalism
was not used in the weak Lagrangian. Either scaling for the effective range (as Q−1 or Q0)
will lead to consistent results—but only if the choice is used uniformly in all aspects of the
calculation.
In particular, demanding that
∂AnnL
∂µ
= 0 (40)
implies that the Ann of Eqs. (10) and (11) becomes energy dependent:
Ann ∼ 11
a
− 1
2
rp2 − µ , (41)
where we have dropped the partial-wave specification on a and r. To obtain consistent results
for the case considered here, where the effective range is natural (∼ Q0), we must expand
Eq. (41) in powers of r. This allows us to estimate the impact of corrections proportional
to r in the weak-interaction piece of the Lagrangian. It yields:
Ann ∼ 11
a
− µ
(
1 +
1
2
rp2
1
a
− µ + · · ·
)
. (42)
Writing this as
Ann = ALOnn + p2 ANLOnn + · · · , (43)
makes it clear that there must be corrections to the leading-order weak-interaction La-
grangian that have the same space-spin structure, but are proportional to the square of the
momentum (equivalently, the energy) of the NN collision. Each term will be accompanied
by its own low-energy constant. These corrections to the Ann of Eqs. (10) and (11) are sup-
pressed by one power of the small parameter Q. They are missing from the result (8), which
includes only the leading-order part of Ann, and the effect of strong rescattering. Neglecting
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NLO contributions to the weak Lagrangian results in an inconsistent calculation as soon as
r 6= 0.
While ALOnn recaptures the scaling of C0 (Eq. (19)), as expected, ANLOnn runs like C2, the
NLO strong coefficient (see, for example, Eq. (2.26) of Ref. [4]):
ANLOnn
ALOnn
∼ 1
2
r
1
a
− µ . (44)
The necessity for the weak Lagrangian to have an O(Q) piece with coefficients scaling ac-
cording to Eq. (44) can also be derived by considering the µ-invariance of the NLO amplitude
for PV NN scattering in a strictly perturbative calculation in powers of Q. Conversely, were
we to use a weak Lagrangian expressed using dibaryon fields for the S-channels the scaling
(41) would emerge automatically. In either case, in order to maintain µ-independent results
the counting of r must remain consistent between Lweak and Lstrong. Both Lagrangians
contain higher-order terms that are proportional to r, and the scaling of these contributions
with µ is correlated. If effects proportional to r are resummed using a dibaryon formalism
consistently in both weak and strong Lagrangians, naive dimensional analysis suggests that
additional corrections in LPV , which are related to additional parameters, are suppressed
by two powers of Q.
IV. COMPARISON WITH EXPERIMENT
In order to completely specify the leading-order PV NN Lagrangian in this EFT the
coefficients of the five dimension-7 operators must be determined. The only way to do this
in a model-independent fashion is to fit them to experiment. If the experiments are at low
enough energy the corrections from higher-dimensional operators that encode other partial-
wave transitions, as well as energy-dependence of the S-P transitions, will presumably be
small. In practice a higher-order analysis, together with a variety of different measurements,
will have to be employed to see if the EFT is complete and consistent.
Here we pursue only a leading-order analysis of the two most recent low-energy measure-
ments of the longitudinal asymmetry in pp scattering. These yielded [33]
A~ppL (E = 13.6 MeV) = (−0.93± 0.21)× 10−7 (45)
and [34]
A~ppL (E = 45 MeV) = (−1.50± 0.22)× 10−7 (46)
in the angular range 23o < θlab < 52
o.
Using (39) together with the lower-energy number (45) yields:
App(µ = mpi) = (1.3± 0.3)× 10−14 MeV−3. (47)
(Here and below the errors are only experimental, and do not include the uncertainty due
to higher-order corrections.) For the µ-independent ratio this gives:
App
C1S00
= (−1.5± 0.3)× 10−10 MeV−1. (48)
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At this value of p the Coulomb parameter η = 0.043. The correction proportional to η in
Eq. (39) also includes a factor of 1/(ap) ≈ −0.13. The Coulomb correction is only 3 percent,
smaller than the uncertainties in the measurement and higher-order effects in EFT(6pi).
Equation (48) may be used to predict the scattering asymmetry at the higher energy of
45 MeV, yielding:
A~ppL (E = 45 MeV) = (−1.7± 0.4)× 10−7. (49)
The two extant low-energy data are thus consistent with a leading-order EFT(6pi) analysis
within their combined uncertainties. This is really nothing more than the statement that
at these energies the asymmetry is scaling with the center-of-mass momentum—as already
observed in Ref. [26].
It should, however, be noted that the center-of-mass momentum for the second experiment
is already larger than mpi. Sub-leading corrections could therefore be large. A crude estimate
of these effects can be obtained by using Eq. (23), which includes the effects proportional to
r (but see also Sec. III C) due to strong rescattering. This yields (with r
1S0 = 2.73 fm):
App(µ = mpi)
C1S00
= (−1.1± 0.3)× 10−10 MeV−1. (50)
The shift of ∼ 30% with respect to the leading-order value (48) is entirely consistent with
the expansion parameter of EFT( 6pi). The prediction for the higher-energy datum is now
A~ppL (E = 45MeV) = (−2.6± 0.6)× 10−7. (51)
In this case the shift is more than 50% of the leading-order value (49), suggesting that the
point at 45 MeV is indeed too high for profitable application of EFT(6pi). The large (par-
tial) O(Q) correction computed here suggests that we can anticipate significant additional
corrections at next-to-next-to-leading order. Given the presence of these corrections, as well
as the experimental error, there is no real tension between (51) and (46). The large NLO
correction would, though, seem to imply that the agreement between the datum of Ref. [34]
and the LO prediction (49) is fortuitous.
Measurements of the neutron’s spin rotation as it passes through parahydrogen have been
proposed, e.g., in Ref. [64]. The hope here is to extract the longitudinal analyzing power
of ~n + p scattering. The thermal energies at which these experiments take place are ideal
for EFT(6pi). The leading-order pionless EFT prediction is given in Eq. (24) and depends
upon the coefficients C(3S1−1P1), C(1S0−3P0)(∆I=0) , C(
1S0−3P0)
(∆I=2) , and C(
3S1−3P1), so once low-energy data
is available constraints on EFT( 6pi) coefficients will result.
V. CONCLUSION AND OUTLOOK
We have presented the leading-order low-energy prediction for nn, pp, and np longitudinal
asymmetries. They depend on five different parameters, but one asymmetry measurement
each in ~n + n and ~p + p, as well as two at different energies in ~n + p, would allow the
extraction of four of the five parameters. We determined, in agreement with the findings of
earlier authors, that the Coulomb corrections to pp scattering are not significant at leading
order for the energies at which these measurements are made. Finally, we showed that when
the effective range is taken to scale as Q0, the running of the leading order weak interaction
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coefficients mimics that of C0 of the strong interaction, while the running of the next-to-
leading-order coefficients is expected to mimic that of C2 of the strong interaction. This is a
simple consequence of the mixing of the S-wave side of the parity violating operators with
the bubble-sum enhancement of strong S-wave scattering.
Our EFT(6pi) calculations presented here, which implement a systematic power counting
scheme, show the consistency of the Danilov hypothesis that (at least for energies < m2pi/M)
the dominant energy dependence in parity-violating NN observables arises from the large
NN scattering lengths in the parity-conserving sector. Effects of energy (or momentum)
dependence in the parity-violating NN interaction, as well as those due to PV mixing be-
tween other partial waves, constitute higher-order effects in EFT( 6pi) which are accompanied
by additional unknown parameters.
At leading order in EFT( 6pi) there are only five independent PV NN operators [50].
This means that five independent measurements will serve to pin down the leading-order
Lagrangian. Equation (6) is one way to write the five terms of the LO PV Lagrangian in
EFT(6pi). It is equivalent to the previously published form (5), with the matching computed
in detail in the subsequent Appendix. The Lagrangian (6) has the advantage of being
written in an operator basis where each coefficient contributes to one and only one partial-
wave transition.
For instance, the longitudinal asymmetry in pp scattering probes the coefficients C(1S0−3P0)(∆I=0) ,
C(1S0−3P0)(∆I=1) , and C(
1S0−3P0)
(∆I=2) . Our formulae (13) and (23) encode the specific combination in
which the coefficients associated with different isospin transitions appear. Existing experi-
mental data can be used to extract this combination—admittedly with large error bars. A
lower-energy pp experiment with high precision would be a useful development.
Meanwhile the partial-wave transitions C(3S1−1P1), C(1S0−3P0)(∆I=0) , C(
1S0−3P0)
(∆I=2) , and C(
3S1−3P1) are
probed in the np longitudinal asymmetry. In principle a detailed study of the energy de-
pendence of this asymmetry could allow the extraction of C(3S1−1P1) and the particular linear
combination of the other three coefficients relevant for np scattering.
Finally, the LO EFT(6pi) prediction for the longitudinal analyzing power of ~n + n scatter-
ing depends upon the coefficients C(1S0−3P0)(∆I=0) , C(
1S0−3P0)
(∆I=1) , and C(
1S0−3P0)
(∆I=2) , but in a different linear
combination to that appearing in the prediction for AppL . Given the difficulties inherent in
such an experiment it seems more productive to focus on the asymmetry in ~n+ d scattering
at low energies (see also Ref. [32]) and perform the necessary three-body calculations for
the interpretation of that asymmetry (see Ref. [65, 66] for examples in the parity-conserving
sector) within the consistent EFT( 6pi) framework for parity-violating NN scattering laid out
here.
In any calculation of PV NN observables it is important to treat the PV and PC NN
interactions consistently. In particular, care must be taken that operators and wave functions
used in the same calculation are evaluated using compatible schemes and subtraction points.
Use of the AV18 NN potential to evaluate matrix elements of the short-range operators in
Eq. (5) [30, 32] represents a significant mismatch in this regard, and cannot be considered
a systematic EFT(6pi) calculation.
In Sec. III C we emphasized the importance of maintaining a consistent power counting for
both the weak and strong parts of the Lagrangian. A consistent calculation in EFT(6pi)can be
carried out assuming either that r scales as Q0—in which case range corrections are treated
perturbatively—or that it scales as Q−1, in which case a dibaryon formalism is necessary.
The most appropriate choice should be revealed by seeing which (possibly higher-order)
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predictions provide a better explanation of the data.
The PV coefficients for NN asymmetries are presently experimentally underconstrained,
so it is necessary to use electromagnetic reactions in the NN system to probe additional
linear combinations of the five PV parameters. At lowest order in EFT( 6pi), both ~np → dγ
and the anapole moment of the deuteron depend only upon a single coefficient (C(3S1−3P1)),
and so serve to disentangle this coefficient from the linear combination involved in other
np processes. These have been computed in Ref. [67]. Measurements of the asymmetry
in ~np → dγ are presently consistent with zero [37, 68], but improvements by an order of
magnitude are expected [38, 69].
A further constraint on the five PV parameters is potentially available from circularly
polarized photon-deuteron breakup (or the inverse reaction). Experimentally, results are
presently consistent with zero [40]. The development of high intensity free electron lasers
to produce circularly polarized photons has led to proposals (e.g., Ref. [39, 70]) to perform
this measurement if the necessary luminosity can be achieved. The PV parameters involved
in the LO EFT(6pi)prediction are C(3S1−1P1), C(1S0−3P0)(∆I=0) , and C(
1S0−3P0)
(∆I=2) . This system has been
discussed in Ref. [71]. A partial LO calculation has recently been reported [72].
We have presented a model-independent set of operators and coefficients with which
low-energy PV observables can be described and compared, emphasizing the utility of the
partial-wave basis. Such a treatment conveys significant advantages in our efforts to under-
stand manifestations of parity violation in few-nucleon systems. Further calculations and
experiments which use the EFT( 6pi) framework to map out the landscape of possible exper-
iments in two-, three-, and four-body systems that are pertinent to parity violation would
be very useful.
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VI. APPENDIX
In this appendix we discuss the matching between the Weinberg basis Lagrange density
of Eq. (1) and the partial wave basis Lagrange density of Eq. (2). One method for matching
the coefficients in these two different bases is to use Fierz rearrangement identities. Another
method is to use the Lorentz structures with their nucleon spin and isospin indices explicit,
and employ orthogonality and completeness of the operators in order to isolate one set of
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operators in terms of the other. The latter is easy to implement using a Mathematica [73]
code with the HighEnergyPhysics ‘FeynCalc‘ package [74] to perform SU(2) manipulations.
As a simple example we consider the lowest order terms of the strong interaction Lagrange
density for the two nucleon system. A useful Fierz identity is
(σµ)ij(σµ)kl = 2ikjl ,
where  = iσ2 is the totally anti-symmetric Levi-Civita tensor, µ is summed over (µ =
0, 1, 2, 3), σµ = (1, ~σ) and i, j, k, and l are summed over spin indices. An identical equation
serves just as well for the τ matrices and the isospin indices (we will use a, b, c, and d for
these). Putting this together:
(σµ)ij(σµ)kl(τ
ν)ab(τν)cd = (2ikjl)(2acbd) = 4(σ2)ik(σ2)jl(τ2)ac(τ2)bd .
To obtain an equality involving the CS operator, (N
†N)(N †N), we want delta func-
tions rather than σ2’s and τ2’s on the right hand side, so act on both sides with
(σ2)i′i(σ2)ll′(τ2)a′a(τ2)dd′ and obtain
(σ2σ
µ)i′j(σµσ2)kl′(τ2τ
ν)a′b(τντ2)cd′ = 4δi′kδjl′δa′cδbd′ . (52)
Contracting this with N †kcNi′a′N
†
l′d′Njb – the nucleon operators with their spin and isospin
indices explicit – and noticing that diagonal terms with NTσ2τ2N and N
Tσ2σiτ2τjN are
disallowed by the Pauli principle, we obtain the decomposition of the operator associated
with CS in terms of the operators in the partial wave basis:
(N †N)(N †N) = −2(NTPa(1S0)N)†(NTPa(1S0)N)− 2(NTPi(3S1)N)†(NTPi(3S1)N) ,
where a and i are now summed over (1,2,3) as in the projection operators introduced in
section II.
To obtain the form (N †σiN)(N †σiN), associated with CT , out of the Fierz identity, we
need to appropriately insert not only σ2 and τ2 (to get to delta functions) but σA’s on the
right-hand side as well. Contracting
(σA)mi′(σA)l′nN
†
ma′NkcN
†
jbNnd′
on both sides of Eq. (52) yields,
4(N †σiN)(N †σiN) = (N∗σiσ2τ2N †)(NTσ2σiτ2N)− (N∗σiσ2τ2τjN †)(NTσ2σiτjτ2N)−
(N∗σiσ2σjτ2N †)(NTσjσ2σiτ2N) + (N∗σiσ2σjτ2τkN †)(NTσjσ2σiτkτ2N).(53)
But this can be considerably simplified because
(N∗σiσ2τ2τjN †)(NTσ2σiτjτ2N) = 0 ;
(N∗σiσ2σjτ2N †)(NTσjσ2σiτ2N) = 2(N∗σiσ2τ2N †)(NTσ2σiτ2N) ;
(N∗σiσ2σjτ2τkN †)(NTσjσ2σiτkτ2N) = 3(N †σ2τkτ2N †)(Nσ2τ2τkN),
(54)
so that
(N †σiN)(N †σiN) = −2(NTPa(1S0)N)†(NTPa(1S0)N) + 6(NTPi(3S1)N)†(NTPi(3S1)N),
(55)
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k, c, ~p i, a, ~p ′
l, d,−~p j, b,−~p ′
FIG. 2: Assignment of spin indices (i, j, k, l), isospin indices (a, b, c, d), and momentum labels for
purposes of matching the partial wave basis operators to the strong Weinberg and weak Girlanda
operators. Figure created using JaxoDraw [75].
which completes the decomposition of the CS and CT operators in terms of the C3S10 and C
1S0
0
operators.
An easier procedure for obtaining one set of basis coefficients in terms of the other is to use
orthogonality and completeness of the operator sets. We will illustrate this using, again, the
leading-order strong-interaction terms. Making the spin indices (i, j...) and isospin indices
(a, b...) explicit (referring to Fig. 2) and including all possible nucleon assignments,
−CSδik δac δjl δbd + CSδjk δbc δil δad − CT (σA)ik δac (σA)jl δbd + CT (σA)jk δbc (σA)il δad =
1
2
C(1S0)0 (τAτ2)ab (σ2)ij (τ2τA)cd (σ2)kl +
1
2
C(3S1)0 (τ2)ab (σBσ2)ij (τ2)cd (σ2σB)kl , (56)
where summation over A,B = 1, 2, 3 is implied. Contracting both sides with the first
structure, δik δac δjl δbd, yields:
C(1S0)0 + C(
3S1)
0 = 2CS − 2CT .
A second equation is found by contracting both sides with the third structure,
(σA)ik δac (σA)jl δbd, yielding:
3C(1S0)0 − C(
3S1)
0 = 2CS − 10CT .
Solving for the partial wave coefficients yields the relationships given in Section II.
Now consider the two weak-interaction bases from Eq. (5) and Eq. (6). Note that the op-
erators in Eq. (5) are explicitly hermitian, but not symmetric under interchange of outgoing
(or incoming) particles. On the other hand, the basis used in Eq. (6) is symmetric under
interchange of particles, but each is not its own hermitian conjugate. This is important to
remember when comparing coefficients.
Even without Fierzing, inspection of the operators suggests that not all of the partial
wave operators are involved in the decomposition of, say, the operator associated with G1
in Eq. (5). But no orthogonality need be assumed because it is easy to verify. The starting
point is (momenta from Fig. 2):
4C(3S1−1P1)(σAσ2)ij(σ2)kl(τ2)ab(τ2)cd(2pA) + 4C(3S1−1P1)(σ2σA)kl(σ2)ij(τ2)ab(τ2)cd(2p′A)
+ 4C(1S0−3P0)(∆I=0) (σ2)ij(σ2σA)kl(τBτ2)ab(τ2τB)cd(2pA)
+ 4C(1S0−3P0)(∆I=0) (σ2)kl(σAσ2)ij(τBτ2)ab(τ2τB)cd(2p′A)
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+ 4C(1S0−3P0)(∆I=1) (σ2)ij(σ2σA)kl(τBτ2)ab(τ2τC)cd3BC(−2ipA)
+ 4C(1S0−3P0)(∆I=1) (σ2)kl(σAσ2)ij(τ2τB)cd(τCτ2)ab3BC(−2ip′A)
+ 4C(1S0−3P0)(∆I=2) (σ2)ij(σ2σA)kl(τBτ2)ab(τ2τC)cdIBC(2pA)
+ 4C(1S0−3P0)(∆I=2) (σ2)kl(σAσ2)ij(τ2τB)cd(τCτ2)abIBC(2p′A)
+ 4C(3S1−3P1)(σAσ2)ij(σ2σC)kl(τ2)ab(τ2τ3)cdABC(−2ipB)
+ 4C(3S1−3P1)(σ2σA)kl(σCσ2)ij(τ2)cd(τ3τ2)abABC(−2ip′B)
= 2G1((σA)ikδjl − δik(σA)jl)(p+ p′)Aδacδbd
− 2G1((σA)jkδil − δjk(σA)il)(p− p′)Aδbcδad
− 2G˜1ABC(σA)ik(σC)jl(ip′ − ip)Bδacδbd
+ 2G˜1ABC(σA)jk(σC)il(−ip′ − ip)Bδbcδad
− 2G2ABC(σA)ik(σC)jl(ip′ − ip)B((τ3)acδbd + δac(τ3)bd)
+ 2G2ABC(σA)jk(σC)il(−ip′ − ip)B((τ3)bcδad + δbc(τ3)ad)
− 2G˜5ABC(σA)ik(ip′ − ip)B(σC)jlIDE(τD)ac(τE)bd
+ 2G˜5ABC(σA)jk(−ip′ − ip)B(σC)ilIDE(τD)bc(τE)ad
+ 2G6δik(σA)jl(−ip′ + ip)ABC3(τB)ac(τC)bd
− 2G6δjk(σA)il(ip′ + ip)ABC3(τB)bc(τC)ad . (57)
Again, i, j, ... are the spin indices and a, b, ... the isospin indices. The factor of 4 on
the left hand side comes from all possible nucleon assignments. The coefficients are real.
Contracting both sides with one operator (in, for example, the partial wave basis) at a
time yields a set of equations involving coefficients only. For example, contracting with
(σAσ2)ij(σ2)kl(τ2)ab(τ2)cd(2pA) yields C(3S1−1P1) = 14(G1 − G˜1). Provided both sets of opera-
tors are minimal and complete (at the order desired), there will be a unique solution. The
procedure is systematized using Mathematica [73] and the results are provided in Section II.
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